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ABSTRACT 

We present VLA and first-epoch VLBA observations that are part of a program to study the parsec- 
scale radio structure of a sample of fifteen high-energy-peaked BL Lacs (HBLs). The sample was 
chosen to span the range of logarithmic X-ray to radio flux ratios observed in HBLs. As this is only 
the first epoch of observations, proper motions of jet components are not yet available; thus we consider 
only the structure and alignment of the parsec- and kiloparsec-scale jets. Like most low-energy-peaked 
BL Lacs (LBLs), our HBL sample shows parsec-scale, core-jet morphologies and compact, complex 
kiloparsec-scale morphologies. Some objects also show evidence for bending of the jet 10-20pc from 
the core, suggesting interaction of the jet with the surrounding medium. Whereas LBLs show a wide 
distribution of parsec- to kpc-scale jet misalignment angles, there is weak evidence that the jets in 
HBLs are more well-aligned, suggesting that HBL jets are either intrinsically straighter or are seen 
further off-axis than LBL jets. 

Subject headings: BL Lacertae Objects — AGN — Unification Models — VLBI 



1. INTRODUCTION 

BL Lacertae Objects are an extreme type of Active 
Galactic Nuclei (AGN), whose hallmark is their "fea- 
tureless" optical spectrum. By definition, any emission 
lines p resent must have rest W\ < SA; e.g.. lStocke et al.l 
l)1991tl . BL Lacs are a member of the blazar class; 
and like other blazars, they are characterized by their 
rapid variability, polarized optical and radio emission and 
their fl at-spectrum radio emission. See lUrrv fc Padovanil 
l) 19951) for an excellent summary of their properties. 

Due to their luminous emission at these wavelengths, 
BL Lacs have been primarily discovered via X-ray and 
radio surveys; thus, traditionally they have been labeled 
as radio-selected and X-ray-selected (RBLs and XBLs 
respectively) . In recent years this terminology has given 
way to a more physically meaningful classification based 
upon the overall spectral energy distribution (SED) of 
the object. In "low-energy-peaked" blazars (LBLs), the 
peak of the synchrotron radiation occurs at radio/IR 
wavelengths, whereas in "high-energy-peaked" blazars 
(HBLs) this peak occurs in the UV/X-ray. Historically, 
optica l surveys have not been efficient in d iscovering BL 
Lacs l|Fleming et al.lll993t Dannuzil 1199(H) . I* is there- 
fore not surprising that, until recently, known BL Lacs 
have shown a bimodal distribution of logarithmic X-ray 
to radio flux ratios, log(fx/fr) from 1 keV to 5 GHz, 
with an approximate d ividing line defined by \og{fx/ fr) 

5.5 l|Wurtz et alJ [19961. For the most part XBLs 

are HBLs and RBLs are LBLs, although exceptions do 
exist (e.g., Mkn 501 is an HBL in the IJy RBL sample). 
We choose to use the term HBL when referring to the 
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BL Lacs studied herein because all were chosen with a 
\og{fx/ fr) ^ —5.5 criterion. 

Ne w surveys, e.g., the ROSAT-Grcen Bank (RGB) sur- 
vey ()Laurent-Muchleiscn et al. 1999) and the DXRBS 
survey ( Perlm an et al.lll998^ ■ have found BL Lacs with 
intermediate log(/x//r) values, indicating a continuum of 
SEDs in BL Lacs and likely rendering the LBL/HBL ter- 
minology obsolete. The detailed properties of these new 
BL Lac objects with intermediate \og{fx/ fr) values are 
not yet well-known. So, althoug h LBLs and HBL s have 
different observed properties (jUrrv fc Padovanil 119951 
and references therein), it is not yet known whether LBLs 
and HBLs are distinct classes of AGN or merely extremes 
of a continuum of properties for a single class of AGN. 
We have therefore chosen to include three intermediate 
objects from the RGB sample in our sample of study. 

Most BL Lacs are believed to be low-power radio galax- 
ies whose jet axes are oriented at small angles to the 
line of sight; and as such their jets are rclativisticall y 
beamed, e.g.. TOrr fc Brown^ l|1982f) : lUrrv fc Padovanil 
ljl995ft : lWardle et all (^1984^1 . It has been proposed that 
HBLs and LBLs are both beamed, low-luminosity FR- 
I radio galaxies, and that the observed differences be- 
tween the two classes is a result of orientation. In 
this unification model, hereafter the "orientation" model, 
HBLs are believ ed to be viewed further from the jet 
axis than LBLs ijJannuzi et al.llT'9941: iPerlman fc Stock3 
Il994|) . The comparable X-ray luminosities for HBLs and 
LBLs require that either the beam pattern or physical 
jet opening angle for the X-ray er nission is larger tha n 
than for the radio emission, e.g.. iCelotti et alJ ( 1993 ) ; 
IGhisellini et"7Illfr99^ : ISt,ockell|1989D : IUrrv et al .1 |T99T|i . 
Several observed properties are consistent with this hy- 
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pothesis. Compared to LBLs, HBLs are more numerous, 
their cores are le ss radio luminous, a nd they are less op- 
tically variable l)Jannuzi et alJll993D. H BLs als o emit 
less compact radio emission llLaurent-M uchlcisc n et aP 
ll993': "Pcrlman fc Stocke *T993'. 19941 contain larg er frac - 
tions of starlight in the optical ( Morris ct ^0 11991D , 
and have smaller degrees of optical polarization, of- 
ten with a preferre d optical polarization angle, ±15° 
ijJannuzi et alJlT99^ . However, several observed prop- 
erties which should be independent of orientation, e.g., 
observed evolution, optical emission-line strengths and 
extended radio powers, do not agree between HBLs and 
LBLs, indicating that orientation alone is insufficient 
to expl ain the observed distin ctions between the two 
classes (jRector fc Stock e 2001). In fact, many LBLs 
appear to be beamed, high-luminosity FR-IIs; and at 
least one is a gravitationally lensed object , the "small- 
est E instein ring" object IJy 0218-^357 ijO'Dea et all 
Il99 2f). The picture seems to be more clear for 
HBLs, whose properti es are very con sistent with be- 
ing beamed FR-Is (R ector et al ]|200g). Several obser- 
vations support this pict ure, e.g., extended radio lu- 
minosity and morpholog y ijAntonu cci &: Ulvestad llT985t 
iPerlman fc Stockg I1993D. ho st gal axy luminosity an d 
morpholoev l)Abraham et all il99lt iWurtz et al1ll996|) . 
and comparat ive space d ensities and lumino sity functions 
l|Morris et alJ ll991: Pa dovani fc Urrvlll99f]D . 

Alternatively, it has also been suggested that the dif- 
ference between LBLs and HBLs lies not in orientation, 
but in the high-energy cutoff in their energy distribu- 
tions, such that HBLs and LBLs represent a single family 
of objects with a smooth energy distribution followed by 
a sharp cutoff. For LBLs this cutoff occurs in the near- 
IR/opt ical and for HB Ls it is at UV/X-rav or higher en- 
ergies ( Giomnu_j£j^adoyaii| Il994t iPadovani fc Giommil 
^95; Sambrur iEret'^Lr|T99ff l . In this model, hereafter 
the "energy-cutofP' model, HBLs have intrinsically lower 
radio luminosities than LBLs, and strong selection effects 
explain why most known BL Lacs are of the HBL variety. 

Observational studies of BL Lacs at radio wavelengths 
have proven to be an effective test of unification mod- 
els for two reasons. First, the kpc-scale extended radio 
flux is likely unbeamed, and is therefore indicative of 
the actual AGN power; and second, the core and parsec- 
scale extended fiux is highly beamed, and is therefore 
strongly dependent on the orientation and relativistic na- 
ture of the jet. If HBLs are seen further off axis than 
LBLs, radio images will reveal several distinct trends. 
First, relativistic Doppler boosting and apparent proper 
motion are strongly sensitive to the orientation angle 
and bulk Lorentz factor of the jet. Thus, if seen close 
to their jet axis, LBLs should be more core-dominated, 
show more instances of superluminal motion and have 
larger jet to counter-jet brightness ratios. And if HBLs 
and LBLs share the same parent population, both should 
have similar jet Lorentz factors. Second, geometrical 
projection effects will cause jets with intrinsically small 
bends to appear highly distorted when seen close to the 
fine of sight. Thus, the projected jet position angle 
(PA) in these highly inclined objects is very sensitive 
to the jet structure. It is known that LBLs show a wide 
range of parsec- and kpc-scale jet misalignment angles 
(APA = |PAfcpc — PApd), presumably from a "knotty" 
or helical jet seen close to the line of sight |)Add1 et al.l 
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HBLs are seen further off-axis than LBLs, geometrical 
projection effects will cause the parsec- and kpc-scale 
projected jet PAs of HBLs to be more aligned than LBLs. 

If the "energy-cutoff model is correct and there is no 
orientation bias, LBLs and HBLs should show similar 
parsec- and kpc-scale radio structure, similar distribu- 
tions of parsec- and kpc-scale jet misalignment, assuming 
they share the same parent population. B ut since LBLs 
are g enerally more luminous than HBLs ijFossati et alJ 
Il998j) . their parsec-scale structures may differ intrinsi- 
cally from HBLs. 

In this paper we present deep VLA and first-epoch 
VLBA observations of a sample of fifteen BL Lacs which 
span the full range of \og{fx/fr) seen in HBLs (§2). 
These maps are used to compare the parsec and kpc-scale 
structure of these objects. In §3 we discuss the results 
of these observations, compare them to similar studies of 
LBLs and discuss their implications for unification mod- 
els. As these are only the first epoch of observations, 
proper motions of jet components are not yet available; 
thus we consider only the alignment and structure of the 
parsec-scale jets. In §4 we present the conclusions. 

2. OBSERVATION AND REDUCTION 

Due to their relative radio faintness, few HBLs have 
been studied with VLBI techniques. iKoUgaard et alJ 
()1996(1 presented images of four HBL s from the bright 
HE AO 1 survey l) Schwartz et al .1 17 9 8 91) , all of which have 
\og{fx/ fr) values close to the LBL/HBL boundary. Con- 
way et al. (private comm.) completed VLBA observa- 
tions of eig ht HBLs from the Einstein Medium Se nsitiv- 
ity Survey l|Morris et al.lll991l: iRector et al.ll2000(l : how- 
ever, parsec-scale extended structure was not detected in 
most of these objects, most likely due to their faintness 
if core ~ 25 mJy at 5 GHz). 

In order to better determine the parsec-scale structure 
of HBLs, we completed deep VLA and VLBA observa- 
tions of a sample of HBLs that covers a factor of ~30 
in log{fx/ fr)- The initial goal was to determine their 
morphology and core dominance on VLBI scales as well 
as to measure the projected alignment of their parsec- 
and kpc-scale radio jets. At the time this project was 
begun, the availability of phase-reference calibrators for 
the VLBA was limited, so we chose only targets which 
were likely bright enough for self-calibration (/core > 50 
mJy at 4.964 GHz). Since HBLs are for the most part 
too radio faint to observe a statistically complete sample 
without phase referencing, we chose a sample that rep- 
resented the full range of \og{fx/ fr) values observable 
in HBLs, as shown in Figure ^ Our sample was se- 
lected primarily frorn the Einstein "Slew" Survey (lES; 
IPerlman et al.l 1)1996(1 ). Objects that are LBL-like (i.e., 
\og{fx/fr) < —5.5) were discarded. This sample was sup- 
plemented with three objects from the RGB BL Lac sam- 
ple to fill in the log(/x//r) distribution with objects in- 
termediate to LBLs and HBLs. The final sample consists 
of fifteen HBLs with an even distribution of \og{fx/ fr) 
ranging from —3.96 to —5.66, and is compared to the 
complete IJy LBL sample in Figure ^ 

A summary of the sample properties is given in Ta- 
ble n The columns are: [1] the object name; [2-3] 
the Right Ascension and De clination in J2000 coordi- 
nates; [4] the log{fx/fr) value l|Laurent-Muehleisen et alJ 
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[19991 iPerlman et all ITool: a nd [5] the redshift 
ijLaiirent-Muehleisen et alJ Il999t lPerlmaii"eir al. 199^. 
The redshifts for lES 0647+250 and lES 1028+511 are 
marked with a colon because they are tentative. 

2.1. VLB A Observations 

Twelve BL Lacs in our sample were observed with the 
NRAO^ Very Long Basehne Array (VLB A) on 17 May 
1997. We chose to observe at 4.964 GHz in order to ob- 
tain both high resolution and high sensitivity to max- 
imize the probability of detecting and resolving faint 
VLBI jets in these compact objects. A single 24-hour 
time allocation was used with the complete VLBA array 
of 10 X 25m antennas. This allowed approximately twelve 
6.5-minute scans per source, which were well-spaced in 
hour angle for optimal {u, v) plane coverage. To mini- 
mize potential phase and amplitude errors due to poor 
source positions in the correlator model, high-resolution 
"snapshots" were completed with the NRAO Very Large 
Array (VLA) B-array at 3.6cm prior to the VLBA ob- 
servations to obtain core positions with 0.01" accuracy. 
These are the positions given in Table ^ The data were 
initially calibrated with the AIPS software package in 
the standard manner. Self-calibration and imaging were 
then done with the DIFMAP software package ( ShcDhcrd 
Il997|) . The resultant maps each have an RMS noise level 
of (7 « 0.1 mJy beam~^. T he three RGB sourc es in 
our sample were observed by iBondi et al. I 1)200 Ij) and 
Ifev & Chariot (200^. 

All of the objects except for lES 0647+250 and lES 
1028+511 are clearly resolved; however these two objects 
do show evidence for very faint extended structure. In 
all sources 60% to 90% of the VLA core flux, as de- 
termined by snapshots inj^erlman et al. (1996), was de- 
tected on parsec scales. All of the resolved objects show 
a core-jet morpholo gy, as is typical of LBLs a nd core- 
dominated quasars l|Pearson fc ReadheadllM^ . All are 
core dominated on parsec scales {R = fcore/fext > !)• 
Some sources show a well-collimated jet with discrete 
components (e.g., lES 1741+196 and lES 1212+078), 
whereas others show a diffuse jet with a wide opening 
angle (> 60°; e.g., lES 0806+524 and lES 1959+650). 
A map of IE 1415+259 is not shown because its extended 
structure is too faint to be imaged. The peak component 
flux is of the order of the baseline noise (^7 mJy), and 
baseline phase errors dominate the apparent morphology 
of the extended structure. 

2.2. VLA Observations 

Eleven BL Lacs in our sample were observed with the 
VLA on 10 October 1998. We chose to observe with 
the B-array at 1.425 GHz with a 50MHz bandwidth to 
maximize sensitivity to extended, steep-spectrum struc- 
ture while achieving ~4" resolution. The B-array was 
chosen based upon the redshifts of the objects in our 
sample to avoid over-resolution of the extended struc- 
ture. Three or four 8-minute scans, each bracketed by a 
90-second scan on a primary VLA flux calibrator, were 
made for each source. Scans were spaced to optimize cov- 
erage in the (w, v) plane. Objects which were sufficiently 

^ The National Radio Astronomy Observatory is operated by 
Associated Universities, Inc., under cooperative agreement with 
the National Science Foundation. 



resolved in previous effor ts ijLaurent-Muehleisen et alJ 
ITgM IPerlman et aljlT996ll were not reobserved here. 

Epoch 1995.2 VLA values were used to flux calibrate 
the maps using multiple observations of 3C 286. Since 
these sources are highly core dominated, a point source 
model was assumed to start the self-calibration process. 
Phase-only self-calibration in decreasing solution time in- 
tervals was used for the first four iterations. Amplitude 
and phase self-calibration were then used until the maxi- 
mum dynamic range was achieved, usually requiring only 
one or two more iterations. The AIPS task IMAGR was 
used to generate the maps and clean components. Ro- 
bust weighting (ROBUST = 0.5) was used to achieve a 
smaller beam FWHM with onl y a 10-12% i ncrease in 
noise over natural weighting; see iBriggsl |T99l for an ex- 
planation. The core flux densities were measured by fit- 
ting the core with a single Gaussian with the synthesized 
beam's parameters. The extended flux was determined 
by measuring the total flux density with a box enclosing 
the entire source and then subtracting the core flux den- 
sity. For unresolved sources, conservative upper limits 
on extended radio flux densities were calculated by as- 
suming that each source has uniformly bright extended 
emission at the la detection level over a 3000 kpc^ area 
surrounding the core. 

2.3. Summary of Radio Properties 

The VLA and VLBA maps are shown in Figures |21 
through 1201 A summary of the radio properties is given 
in Table |21 The columns are: [1] the object name; [2- 
3] the 1.425 GHz VLA core and extended flux densities 
(mJy); [4] the VLA jet position angle [5-6] the 4.964 
GHz VLBA core and extended flux densities (mJy); and 
[7] the VLBA jet position angle. The errors in the flux 
densities are ~0.1 mJy beam"^ for both the VLA and 
VLBA maps. The cumulative errors in the extended flux 
densities depend upon the solid angular extent of the 
measured flux. Note that, as discussed in §3, measured 
jet position angles are subjective; and in most objects 
the jet morphology is more complex than what can be 
modeled with a single PA value. Thus the discussion 
of individual sources below should be consulted for each 
source. 

2.4. Discussion of Individual Sources 

lES 0033+595: The VLBA map (FigureEl shows a dif- 
fuse jet extending in PA — +65°. It is not clear whether 
or not the parsec-scale jet is well-collimated. There is 
some evidence for the jet curving to the north. Thus 
the measured PA^pc is likely resolution dependent. The 
VLA image (Figure 13) of this source shows a diffuse halo 
surrounding the core. Jets are not clearly resolved; how- 
ever the core is elongated in the PA = +62° and PA = 
— 105° directions, so the parsec- and kpc-scale jets ap- 
pear to be well aligned if the parsec-scale jet is assumed 
to be related with the PA = +62° extension of the VLA 
core. HST PC observations of this object shows two un- 
resolved sources of similar brightness separated by 1.58" 
({Scarpa et alJll999l) , which might have been explained as 
multiple images of a gravitationally lensed system. How- 
ever, the VLA astrometric observations presented here 
do not detect a second radio source, ruling out that pos- 
sibility. 
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lES 0229+200: The VLBA map (Figure gj) shows a 
jet extending to the south (PA = +170°), with weak 
evidence for a broad jet opening angle of ~30°. The 
VLA image (Figure 0) shows curved jets to the north 
and south, both of which curve to the west. Measuring 
the jet PAs from the the inner contours gives PA = —10° 
and PA = 180°. The VLBA jet appears to be well-ahgned 
with the southern jet (APA 10°). 

lES 0414+009: The VLBA map (Figure resolves a 
jet which initially extends to the east-northeast (PA = 
+68°) of the core. There is also weak, extended (~3- 
4(t) emission to the southeast of the jet, which suggests 
either that the jet is coUimated and bends to the south 
~10pc from the core, or that the projected jet opening 
angle is wide (^60°). If the jet does indeed bend to the 
southeast, the misalignment angle could be as large as 
APA = ~60°; however the inner portion of the jet is 
well-aligne d (APA = 5°) to the kpc-scale j et shown in 
Figure 3 of iLaurent-Muehleisen et al\ l) 19931) . 

lES 0647+250: The VLBA map (Figure of this 
source does not show a distinct jet but there is some evi- 
dence for a faint, diffuse halo around the core, with weak 
evidence of elongation of the core t o the north at PA 
= —1 0°. VLA snapshot observations l)Perlman fc Stock3 
IT993I) of this source show a jet extending to the south- 
west (PA = —124°) as well as a possible extention to the 
northwest; although the reality of the extended struc- 
ture is seriously questioned due to the poor quality of 
this map. A deep VLA map is necessary to better de- 
termine the kpc-scale structure of this source. Due to 
the uncertainty of the VLA and VLBA structure a APA 
for this source is not considered in analysis. The redshift 
of lES 0647+250 is tentative and must be confirmed by 
further optical spectroscopy. 

RGB 0656+426: The VLA map of this source (Fig- 
ure IHJ shows a jet-core-jet source embedded in a bright 
halo, with a jet at PA = +40° and a colinear cqunter- 
jet. The VLBA map of this source ijBondi et al. 112001(1 
resolves a well-collimated jet at PA = —150°, which is 
well-aligned (APA = 10°) with the counter-jet. The halo 
morphology on kpc scales suggests this object is seen very 
close to the jet axis. 

lES 0806+524: The VLBA map (Figure ^ shows a 
jet to the north with PA = +13°. Very faint, diffuse 
extended emission surrounds the jet, suggesting it has a 
broad opening angle which may be as wide as 70°. A 
deep VLA map of this source is unresolved; no extended 
flux is detected at the 0.2 mJy beam~^ level. 

lES 1028+511: This source is unresolved by both 
the VLBA (this pap er) and in a VLA snapshot by 
iPerlman et all l|T99l . The VLBA core flux is only 
~ 50% of the VLA core flux, indicating either variability 
or extended flux which is too faint or resolved out on 
parsec scales. The redshift for this source is tentative, 
and must be confirmed by further optical spectroscopy. 

lES 1212+078: The VLBA map of this source (Fig- 
ure El shows a well-collimated jet extending to the east 
(PA — +92°). The jet is straight as far as 50 parsecs; 
and it has several discrete components. A deep VLA 
map of this source (Figure [TT|) shows an unusual, diffuse 
halo around the source, with no clear evidence of a jet in 
any direction. Measuring from the core to the brightest 
hotspot gives PA = +178° and APA = 86°, although 
this is highly speculative. However, a very large APA 



does seem likely for this source. 

IE 1415+259: This source was detected by the VLBA, 
but due to its faintness its extended structure cannot be 
modeled. 

RGB 1427+238: The VLA map of this source (Fig- 
ure EJ) shows a compact structure that consists of a core 
and either a halo or roughly coUinear jets extending north 
PA = -10° and south PA = -175°. The VLBA source is 
unres olved on the 1.1 mJy beam~^ level l|Fev fc Charlod 
"200^. 

lES 1553+113: The VLBA map fFigurelHI) shows a 
jet extending to the northeast (PA = +48°). Beyond 20 
parsecs the jet is very faint and diffuse, thus it is difficult 
to determine the opening angle or if the jet is bent. No 
jet continuous from the core is detected in a deep VLA 
map fFigure injl : however a faint lobe is detected south of 
the core, with a weak "hot spot" at PA = +160°, giving 
a large misalignment angle of APA = 112° if we assume 
the VLBA jet is related to the southern lobe. 

lES 1741+196: The VLBA map of this source (Fig- 
ure I15|) shows a well-collimated jet extending to the 
east (PA = +86°). The jet is very straight, although 
it does show evidence for 5° bend to the south, 15-20 
parsecs from the core . The VLA snapshot of this source 
(|Perlman et al.lll996 lD shows a jet which is well-aligned 
with the parsec-scale jet (APA = 5°). 

RGB 1745+398: RGB 1745+398 is the unusual object 
to the north in the VLA map shown in Figure El It 
has an edge-darkened, FR-I morphology that is highly 
distorted. One jet appears to emerge from the core at 
PA = —28° before bending to the west. The other jet 
emerges from the core at PA = +105° before bending 
to the southeast. Both jets show sharp bends, of up to 
70°. This object hes cl ose to the center of a moderately 
massive galaxy cluster l|Nilsson et aLllTgO^ : thus its dis- 
torted shape may be the result of interaction with either 
the ICM or the halos of other cluster members. This hy- 
pothesis is supported by the presence of another highly 
distorted radio source to the southwest of RGB 1745+398 
in Figure 1161 which may also be a cluster member. A 
VLBA map of RGB 1745+398 (Preeti, private comm.) 
shows a component emerging due south from the core at 
PA = -175°. Thus APA = 80° in this very distorted 
source. 

lES 1959+650: The VLBA map (Figure [T7I) shows a 
broad, diffuse jet to the north (PA « —5°). The opening 
angle of the jet is wide (^55°). The core is unresolved 
in a deep VLA map (Figure EJ; however, very faint ex- 
tended flux is detected to the north (PA « —5°) and 
south (PA w +175°) of the core. Thus the VLBA jet 
appears to be well aligned with the northern lobe. 

lES 2344+514: The VLBA map (Figure UHl) shows a 
jet extending to the southeast (PA — +145); it appears 
to be well-collimated for about 10 parsecs before bending 
25°to the south and broadening into a cone with a '^35° 
opening angle. A deep VLA map (Figure EO)) detects 
emission extending to the east (PA = +105°) in a 50° 
cone. The APA for this source is at least 40°. 

3. RESULTS AND DISCUSSION 

Previous studies of the VLBI structure of BL Lac ob- 
jects, nearly all of which were of LBLs, have shown that 
large misalignment angles are common in these objects 
||App1 etali 119961: iCassaro et al] 120021: iKollgaard etai] 
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119921) . This is to be expected in sources that are seen 
close to the Une of sight, as projection effects wih magnify 
the apparent distortion from intrinsic bends and complex 
structure within these jets. 

Measuring the parsec-scale jet PAs in BL Lacs is very 
difficult for several reasons. Many of these objects show 
jets which bend within several parsecs from the core; and 
in many cases the emission where the bending occurs is 
very faint. Thus the measured PA is very sensitive to the 
linear resolution and the sensitivity of the observations, 
which of course depend on the observed wavelength, the 
distance to the object, the (tt, v) coverage and the overall 
quality of the observations. The parsec-scale jets seen in 
Mkn 501 and IJy 1147+245 a re good examples of this 
problem (Cassaro et al." "2001 iConwav fc Wrobell IToOSt 
[Gabuzda ct al. 1999). Adding another dimension to the 
problem, there is evidence that the jet trajectory for some 
of these objec ts can change on short timescales; e.g., IJy 
0735+178 (G omez et al.ll2?ffll . 

Like the VLBI maps, the measured jet PAs in the VLA 
maps are also dependent on sensitivity and resolution; 
e.g., the measured PAs can differ by as much as 60° 
based upon the res olution of the maps for IJy 0814+425 
and I Jy 2131-021 l)Cassaro et al.ll2002HRector fc Stock3 
l2002j) . Additionally, the kpc-scale structure of these 
sources are usually highly distorted, often with a "halo" 
that surrounds the core with no clear PA. Thus, it is not 
surprising that we see such a range of APA values, even 
without considering the enormous difference in physical 
scales between the VLA and VLBI maps and the phys- 
ical environments through which a jet propagates from 
the core to kiloparsec scales. 

Despite the uncertainties inherent in such measure- 
ments, we have measured parsec- and kpc-scale jet 
position angles for our HBL sample. We include the four 
HBLs observed by KoUeaard et al. (1996) into our HBL 
sample. For comparison, we consider all of th e LBLs in 
the complete IJy sample (jStickel et al. I1991D for which 
high dynam ic-range VLA maps exist I Rector fc Stockd 
12001", "2002", and references therein) and that have been 
studied in detail with VLBI techniques (Cassaro ct al. 
2002; Fev & Chariot 1997, 2000; Fomalont ct al. 2000; 
Gabuzda et aL, .1999: .Gabuzda fc Cawthorne 2000e 



Gabuzda et 101120(301: IKellermann et all 119981 IRos et all 



200H iShen et alJ 119971 \199^ . For consistency, we 
measure jet position angles from these maps using the 
methodology described below rather than use published 
values. 

There are only a few cases where the jet PA is un- 
ambiguous. Thus the parsec- and kpc-scale jet position 
angles were measured with the following methodology. 
For both the VLA and VLBI maps the PA is measured 
from the core through contiguous jet components that 
are more than 2-3cr detections. In some cases the PA 
on VLBI scales is uncertain because the jet is diffuse 
with a broad opening angle (e.g., lES 0806+524 and 
lES 1959+650). In these cases the PA is measured ei- 
ther down the center of the jet or along the brightest 
contours within the jet. Also, there are four objects in 
our HBL sample (lES 0033+595, lES 0414+009, lES 
1741+196 and lES 2344+514) that have bright, well- 
collimated parsec-scale jets close to the core and show 
evidence of bending further from the core. However, the 
emission where the bending may be occuring is faint; 



and it is not clear whether the jet is actually bending or 
simply broadening. For this reason the jet PA is mea- 
sured from the bright jet components near the core. In 
three of the four objects the kpc-scale structure is well 
aligned with these measurements; the exception is lES 
2344+514, for which no measurement of the PApc will 
align it with the VLA PAkpc- Thus it is possible that 
the jets in these objects are bending and may not as well 
aligned as measured. 

The better alignment of the parsec-scale jet near the 
core with the kpc-scale jets in these sources may be the 
result of collisions with dense clouds of gas near the core. 
For a powerful jet, such collisions are not effective at de- 
flecting the jet in a coherent manner; however they may 
result in t empor ary distortions of the jets on timescales of 
< 10'^ yr l|De You ng 1991; Wane. Witta fc Hooda 2000). 
Thus, it is possible that the observed VLBI morpholo- 
gies could be explained by an off-center collision with a 
dense gas cloud 10-20 parsecs from the core which dis- 
torts the observed PA at this distance but doesn't affect 
the long-term propagation of the jet to kpc di stances. 

It is worth noting that iHoueh et alJ ()2002l) find sig- 
nificant PA differences between inner and outer VLBI 
jet components in a sample of lobe-dominated quasars, 
wherein the outer VLBI jet components are better 
aligned with the kiloparsec-scale jets. This suggests that, 
in quasars at least, jets may distort or bend close to the 
core before becoming well-collimated further from the 
core. The comparison is limited because quasar jets are 
of much higher power; and due to the much higher red- 
shift of their quasar sample (z > 1), the VLBI maps in 
iHough et al.l ((2003) studying larger physical scales 
by a factor of ~10. Also, lobe-dominated quasar jets are 
seen at large angles to the line of sight, and therefore do 
not suffer from projection effects to nearly the degree as 
BL Lac objects. 

In all of the resolved VLBI maps jet structure is appar- 
ent; however the VLA maps reveal that many of these 
sources have a "halo" morphology, i.e., extended emis- 
sion that surrounds the core with no clear jet. For these 
objects the PA is measured to the brightest "hotspot" 
within the lobe; and for objects which have two distinct 
lobes and no clear jet, the PA is measured to the lobe 
most likely associated with the parsec-scale jet (i.e., to 
the lobe which minimizes the value of APA). Naturally, 
APA could only be determined for objects which were 
resolved by both the VLA and with VLBI. 

Figure 1211 shows the distribution of misalignment an- 
gles for the HBLs in our sample and the LBLs in the IJy 
sample. Unfortunately, in only seven of the fifteen HBLs 
in our sample are jets resolved in both VLA and VLBI 
images. The parsec- and kpc-scale jets are well-aligned 
(APA < 10°) for five of the seven. In three additional 
sources a VLA PA value was determined by the brightest 
hotspot in a lobe. In only one of these cases is the parsec- 
scale jet well aligned with the hotspot. The remaining six 
sources are unresolved in one or both maps. To th is sam- 
ple we added the four HBLs in iKollgaard et al.l (|l996.) , 
although for only one could a APA value be determined. 
While all four are resolved in VLBI maps, a VLA map of 
lES 1133+704 by Ulvcstad & Antonuccl ()1986D shows 
a halo morphology with no clear PA; and VLA maps 
of the other sources reliably reso l ve only lES 1727+503 
(|Laurent-Muehleisen et"al] ll993t lUlvestad fc Antonucci 
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Il986|) . In the IJy LBL sample we were able to deterraine 
APA values for only 18 of 37 objects, with an additional 
three tentative APA values. The difficulty in determin- 
ing APA values in the IJy sample is due to unresolved 
sources as well as many objects which show halo struc- 
tures around the core with no resolved jet or hotspots. 

Whereas most of the HBLs are well aligned (APA 
< 20°), the LBL sample shows a wide distribution of 
APA values, evenly distributed from 0° to 150°. The 
distributions of APA for HBLs and LBLs are differ- 
ent at the 96% level of confidence using a two-sided 
Kolmogorov-Smirnov test. Additionally, all four extreme 
HBLs (log(/a;//r) > —4.5) with well-measured misalign- 
ment angles are very well aligned. While not conclu- 
sive, this suggests that HBLs either have intriniscally 
straighter jets than LBLs, or that HBLs are seen further 
off-axis than LBLs, such that projection effects are not 
as important. Clearly larger and statistically-complete 
samples are desirable. 

We note that the distribution of APA values in the IJy 
LBL sample is consistent with the distribution of APA 
values seen by|Kollgaard ct al. ( 1992). We also note that 
there is no significant evidence for a bimodal distribution 
of misalignment angles, with two pe aks centered on ° 
and 90°, as suggested for BL Lacs bv lAppl et alJ l)1996j) . 
Thus we argue that the IJy LBL sample is consistent 
with a population of radio galaxies whose jet axes are 
seen close to the line of sight; and that complex bend 
geome tries such as those proposed bv lConwav fc M^irnhvl 
l)199.1l) are not necessary to explain the distributions of 
APA in either of our samples. 

If the orientation hypothesis is correct, that is, if HBLs 
are simply LBLs seen further from the jet axis, there 
should be a correlation between \og{fx/ fr) and APA be- 
cause LBLs will appear to be more misaligned due to 
projection effects. Figure 122 shows the distribution of 
APA as a function of log(/a;//r) for both samples. There 
is a weak 2a evidence (90% probability) that APA and 
\og{fx/ fr) are linearly anticorrelated when the samples 
are combined; but this anticorrelation is not seen in the 
LBL sample alone. No correlation is seen between APA 
and z for either the full LBL and HBL sample or amongst 
the LBLs alone. 

4. CONCLUSIONS 

We have completed VLA and first-epoch VLBA ob- 
servations as part of a program to study the parsec- 



Auriere, M. 1982, A&A 109, 301. 

Abraham, R.G., Crawford, C.S. & McHardy, I.M. MNRAS 1991 
252, 482. 

Appl, S., Sol, H. & Vicente, L. 1996 A&A 310, 419. 

Antonucci, R.R.J. & Ulvestad, J.S. 1985 ApJ 294, 158. 

Bondi, M., Marcha, M.J.M., Dallacasa, D. & Stanghellini, C. 2001 

MNRAS 325, 1109. 
Briggs, D. 1995, PhD dissertation, New Mexico Institute of Mining 

and Technology. 

Brinkmann, W., Siebert, J., KoUgaard, R.I. & Thomas, H.-C. 1996 
A&A 313, 356. 

Cassaro, P., Stanghellini, C, Dallacasa, D., Bondi, M. & Zappala, 

R.A. 2002 A&A 381, 378. 
Celotti, A., Maraschi, L., Ghisellini, G., Caccianiga, A. & 

Maccacaro, T. 1993 ApJ 416, 118. 
Conway, J.E. & Murphy, D.W. 1993 ApJ 411, 89. 
Conway, J.E. & Wrobel, J.M. 1995 ApJ 439, 98. 



scale radio structure of a sample of fifteen HBLs. All 
of the resolved objects are core dominated in the VLA 
and VLBA maps; and they show a core-jet morphology 
on parsec scales, similar to LBLs and core-dominated 
quasars. Some sources show a well-collimated, parsec- 
scale jet with discrete components, whereas others show 
a diffuse jet with a wide opening angle. Some objects also 
show evidence for the interaction of their parsec-scale jets 
with a dense gas environment. Further modeling is war- 
ranted. 

While LBLs show a wide distribution of parsec- and 
kpc-scale jet alignment angles, most of the HBLs consid- 
ered here have well-aligned jets, suggesting either that 
HBL jets are seen further off-axis than LBL jets, or that 
HBL jets are intrinsically straighter. Complex bend ge- 
ometries, such as those proposed bv lConwav fc M urphvl 
(1993|), are not necessary to explain the observed distri- 
butions of misalignment angles seen in our LBL or HBL 
samples. There is a hint in our data that extreme HBLs 
i}og{fxlfr) > —4.5) have intrinsically straight jets that 
are viewed well off-axis in that all four extreme HBLs in 
our sample have very small (< 10%) misalignment an- 
gles. Observations of other extreme HBLs are needed to 
test this preliminary result. 

While it is now clear that orientation alone cannot 
be in voked to unify HBLs and LBLs (Rector & Stock^ 
1200 1|) , selection effects may nonetheless cause LBLs to be 
seen closer to the jet axis than HBLs. For example, LBLs 
show optical emission lines which are several orders of 
magnitude more luminous than HBLs. Thus LBLs may 
require larger Doppler factors to sufficiently boost the jet 
continuum relative to the emission lines to remain within 
the BL Lac spectral criterion (rest W\ < 5A). Similarly, 
the bright radio flux limit as well as the flat radio spec- 
trum criterion of the IJy sample may also bias LBLs 
towards more highly beamed objects, whereas the X-ray 
surveys used to draw our HBL sample do not have any 
radio-based selection criteria. Thus, LBLs may be sys- 
tematically more beamed than HBLs even though they 
may not necessarily share the same parent population. 
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Table 1. General Properties of the Sample 





Object 


RA(J2000) 


Dec 








log{/a://r) 


z 




lES 


0033+595 


00:35:52.644 


+59: 


:50: 


:04, 


,59 


-4.07 


0, 


.086 


lES 


0229+200 


02:32:48.616 


+20: 


:17: 


:17, 


,45 


-4.23 


0, 


.139 


lES 


0414+009 


04:16:52.494 


+01: 


:05: 


:23, 


,91 


-3.88 


0, 


.287 


lES 


0647+250 


06:50:46.489 


+25: 


:02: 


:59, 


,63 


-4.09 


0, 


.203: 


RGB 


0656+426 


06:56:10.72 


+42: 


:37: 


:02, 


7 


-5.49 


0, 


.059 


lES 


0806+524 


08:09:49.188 


+52: 


:18: 


:58, 


,24 


-4.69 


0, 


.136 


lES 


1028+511 


10:31:18.524 


+50: 


:53: 


:35, 


,79 


-3.96 


0, 


.359: 


lES 


1212+078 


12:15:10.977 


+07: 


:32: 


:04, 


,67 


-5.14 


0, 


.135 


IE 


1415+259 


14:17:56.680^ 


+25: 


:43: 


:26, 


,24 


-4.56 


0, 


.237 


RGB 


1427+238 


14:27:00.392'' 


+23: 


:48: 


:00, 


,04 


-5.60 






lES 


1553+113 


15:55:43.044 


+11: 


:11: 


:24. 


,37 


-4.99 


0, 


.360 


lES 


1741+196 


17:43:57.838 


+19: 


:35: 


:08, 


,99 


-4.89 


0, 


.083 


RGB 


1745+398 


17:45:37.71 


+39: 


:51: 


:31, 


,8 


-5.66 


0, 


.267 


lES 


1959+650 


19:59:59.852 


+65: 


:08: 


:54, 


,69 


-4.43 


0, 


.048 


lES 


2344+514 


23:47:04.838 


+51: 


:42: 


:17, 


,88 


-4.87 


0, 


.044 



''The core position for IE 1415+259 was determined from the FIRST survey. 
''The core position for RGB 1427+238 was reported in lMa et all 11993) . 



Table 2. Radio Properties of the Sample 



VLA (1.4 GHz) VLBA (6cm) 





Object 


/core (mJy) 


/eit (mJy) 




/core (mJy) 


/eit (mJy) 


PApc'' 


lES 


0033H 


-595 


90.4 


61.3 + 12 


+62° 


39.7 


12.8 + 0.8 


+65° 


lES 


0229H 


-200 


51.8 


34.7 + 8.7 


180° 


22.7 


7.7 + 0.8 


+170° 


lES 


0414H 


-009 






+63° 


36.4 


12.9 + 0.8 


+68° 


lES 


0647H 


-250 








46.0 


11.0 + 0.7 




RGB 


0656H 


-426 


252.8 


699 ± 32 


-140° 






-150° 


lES 


0806H 


-524 


189.1 


< 10 




111.2 


39.5 ± 1.1 


+13° 


lES 


1028H 


-511 


215.7 


< 15 




22.4 


3.5 + 0.4 




lES 


1212H 


-078 


87.4 


48.6 + 12.9 


+178° 


36.3 


16.6 + 0.8 


+92° 


IE 


1415H 


-259 








8.7 


17.1 + 0.7 




RGB 


1427H 


-238 


331.7 


130.2 ± 2.9 


-10° 








lES 


1553H 


-113 


271.1 


13.9 + 4.8 


+160° 


258.7 


21.8 + 0.6 


+48° 


lES 


174H 


-196 






+91° 


83.5 


38.2 + 0.9 


+86° 


RGB 


1745H 


-398 


372.5 


272.2 ± 5.5 


+105° 






-175° 


lES 


1959H 


-650 


227.5 


18 + 10 


-5° 


181.7 


37.7 + 1.0 


-5° 


lES 


2344H 


-514 


217.0 


128 ± 50 


+105° 


109. 


59.7 + 2.0 


+145° 



"Please read §2.4 and §3 regarding the measurement of jet PAs. 



Radio Structure of HBLs 



9 




Log (fx / fr) 



Fig. 1. — Distrib ution of logarithmic X-ray to radio flux ratio log(/i//r) for HBLs in our sample (solid line) and LBLs in the IJy sample 
IStickel et aUlTflQlI dashed line). The HBL/LBL dividing line at log{fx/fr) ~ —5.5 is shown. 
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Frequency: 4.964 GHz 




Fig. 2. VLBA 4.964 GHz map of lES 0033+595. The contour levels are -0.54, 0.54, 1.07, 2.15, 4.30, 8.59, 17.18, 34.37 and 68.73% 
of the peak flux of 3.72 x 10"^ Jy beam-^. The beam, shown in the lower left corner, has a FWHM of 2.26 x 1.80 mas, PA -17.0°. The 
date of observation is shown in the upper right corner of the map. 
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Fi«. 3.— VLA 1.425 GHz map of lES 0033+595. The beam is shown in the lower left corner. The contour levels are 0.5, 1, 2, 5, 10, 20, 
50 and 100% the peak flux of 8.39 x 10"^ Jy beam"!. 
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Frequency: 4.964 GHz 



1ES0229- 



17/05/97 



-80 



o 



J 100 

> 
CD 

cr 



120 - 



lO 




. O o 









50 pc 



20 -20 

Relative R.A. (mas) 



Fig. 4.— VLBA 4.964 GHz map of lES 0229+200. The contour levels are -0.91, 0.91, 1.82, 3.63, 7.27, 14.54, 29.07 and 58.15% of the 
peak flux of 2.20 x 10"^ Jy beam-^. The beam, shown in the lower left corner, has a FWHM of 2.97 x 1.78 mas, PA -3.3°. The date of 
observation is shown in the upper right corner of the map. 
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Fi«. 5.— VLA 1.425 GHz map of lES 0229+200. The beam is shown in the lower left corner. The contour levels are 0.5, 1, 2, 5, 10, 20, 
50 and 100% the peak flux of 4.99 x 10"^ Jy beam"!. 
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Fig. 6.— VLBA 4.964 GHz map of lES 0414+009. The contour levels arc -0.58, 0.58, 1.15, 2.31, 4.62, 9.23, 18.47, 36.93 and 73.86% of 
the peak flux of 3.47 x 10~^ Jy beam"^. The beam, shown in the lower left corner, has a FWHM of 3.58 x 1.68 mas, PA —2.2°. The date 
of observation is shown in the upper right corner of the map. 
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Fig. 7.— VLBA 4.964 GHz map of lES 0647+250. The contour levels are -0.46, 0.46, 0.92, 1.84, 3.68, 7.36, 14.72, 29.44 and 58.88% 
of the peak flux of 4.35 x 10"^ Jy beam-i. The beam, shown in the lower left corner, has a FWHM of 2.76 x 1.90 mas, PA -10.3°. The 
date of observation is shown in the upper right corner of the map. 



16 



Rector et al. 




Fig. 8.— VLA 1.425 GHz map of RGB 0656+426. The beam is shown in the lower left corner. The contour levels are 0.1, 0.2, 0.5, 1, 2, 
5, 10, 20, 50 and 100% the peak flux of 2.308 x 10"! Jy beam"!. 
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Fig. 9.— VLBA 4.964 GHz map of lES 0806+524. The contour levels are -0.19, 0.19, 0.38, 0.76, 1.53, 3.05, 6.11, 12.22, 24.43, 48.86 
and 97.73% of the peak flux of 1.048 x 10"! Jy beam-i. The beam, shown in the lower left corner, has a FWHM of 2.13 x 1.99 mas, PA 
18.9°. The date of observation is shown in the upper right corner of the map. 
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Fig. 10.— VLBA 4.964 GHz map of lES 1212+078. The contour levels are -0.60, 0.60, 1.20, 2.40, 4.80, 9.59, 19.18, 38.36 and 76.72% 
of the peak flux of 3.33 x 10"'^ Jy beam~^. The beam, shown in the lower left corner, has a FWHM of 3.44 x 1.65 mas, PA —3.2°. The 
date of observation is shown in the upper right corner of the map. 
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Fig. 11.— VLA 1.425 GHz map of lES 1212+078. The beam is shown in the lower left corner. The contour levels axe 0.2, 0.5, 1, 2, 5, 
10, 20, 50 and 100% the peak flux of 8.60 x 10"^ Jy beam"!. 
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Fig. 12.— VLA 1.425 GHz map of RGB 1427+238. The beam is shown in the lower left corner. The contour levels are 0.2, 0.5, 1, 2, 5, 
10, 20, 50 and 100% the peak flux of 3.102 x 10" ^ Jy beam-^. 
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Fig. 13.— VLBA 4.964 GHz map of lES 1553+113. The contour levels are -0.08, 0.08, 0.16, 0.32, 0.63, 1.27, 2.53, 5.06, 10.12, 20.24, 
40.49 and 80.98% of the peak flux of 2.529 x IQ-^ Jy beam-l. The beam, shown in the lower left corner, has a FWHM of 3.42 x 1.70 mas, 
PA —6.7°. The date of observation is shown in the upper right corner of the map. 
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Fig. 14.— VLA 1.425 GHz map of lES 1553+113. The beam is shown in the lower left corner. The contour levels are 0.1, 0.2, 0.5, 1, 2, 
5, 10, 20, 50 and 100% the peak flux of 2.706 x 10"! Jy beam"!. 
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Fig. 15.— VLBA 4.964 GHz map of lES 1741+196. The contour levels are -0.26, 0.26, 0.5.3, 1.05, 2.11, 4.21, 8.42, 16.84, 33.69 and 
67.38% of the peak flux of 7.60 x 10"^ Jy beam"!. The beam, shown in the lower left corner, has a FWHM of 3.10 x 1.67 mas, PA -5.4°. 
The date of observation is shown in the upper right corner of the map. 
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Fig. 16. — VLA 1.425 GHz map of RGB 1745+398 (upper left) and a companion. The beam is shown in the lower left corner. The 
contour levels are 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50 and 100% the peak flux of 3.159 x 10'^ Jy beam"!. 
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Fig. 17.— VLBA 4.964 GHz map of lES 1959+650. The contour levels are -0.12, 0.12, 0.23, 0.46, 0.92, 1.84, 3.69, 7.38, 14.76, 29.52 
and 59.04% of the peak flux of 1.734 x 10"^ Jy beam-^ The beam, shown in the lower left corner, has a FWHM of 2.23 x 1.94 mas, PA 
—35.9°. The date of observation is shown in the upper right corner of the map. 
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Fig. 18.— VLA 1.425 GHz map of lES 1959+650. The beam is shown in the lower left corner. The contour levels are 0.1, 0.2, 0.5, 1, 2, 
5, 10, 20, 50 and 100% the peak flux of 2.276 x 10"! Jy beam"!. 
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Fig. 19.— VLBA 4.964 GHz map of lES 2344+514. The contour levels are -0.11, 0.19, 0.39, 0.78, 1.55, 3.10, 6.21, 12.42, 24.84, 49.68 
and 99.35% of the peak flux of 1.031 x 10"! Jy beam-i. The beam, shown in the lower left corner, has a FWHM of 2.23 x 1.94 mas, PA 
—35.9°. The date of observation is shown in the upper right corner of the map. 
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Fig. 20.— VLA 1.425 GHz map of lES 2344+514. The beam is shown in the lower left corner. The contour levels are 0.2, 0.5, 1, 2, 5, 
10, 20, 50 and 100% the peak flux of 2.108 x 10-^ Jy beam"!. 
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Fig. 21. — Distribution of misalignment angle APA for LBLs from the IJy sample (top) and HBLs from our sample (bottom). The IJy 
LBL sample shows a smooth distribution of misalignment angles from 0° to 150° , whereas there is evidence that HBL jets are more well 
aligned. 
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Fig. 22. — Misalignment angle APA for LBLs (squares) and HBLs (triangles) as a function of log(fx/fr)- The dividing line at log(/a;//r) 
~ —5.5 roughly divides HBLs and LBLs. 



